Event-related potentials (ERPs) were measured from 24 chronic closed head injury (CHI) patients and 18 age-and education-matched controls. The oddball paradigm was applied while subjects were watching a silent movie. The standard ( p 0.8) sound of 75 ms duration had a basic frequency of 500 Hz with harmonic partials of 1000 Hz and 1500 Hz, whereas these frequencies for the pitch deviant were each 10% higher. The frequencies of the duration deviant matched with those of the standard but was 25 ms in duration. The MMN (mismatch negativity), generated by the brain's automatic auditory change-detector mechanism, was elicited by both deviants. No signi®cant differences in the MMN latency or amplitude for either pitch or duration deviants were found between the groups. However, the MMN amplitude for the pitch deviant decreased in the patient group during the experiment considerably faster than in controls, suggesting a faster vigilance decrement in the patients. NeuroReport
INTRODUCTION
The brain is vulnerable to external traumatic biomechanical forces present in falls, traf®c accidents, assaults etc. Closed head injury (CHI), resulting from these forces, is not a focal-type of injury but a cascade of focal and diffuse pathologies as well as their delayed secondary consequences [1] . Focal lesions (contusions, haemorrhages) are typically found in the frontal and temporal poles and as coup/contre-coup injuries according to the trauma mechanism. Diffuse axonal injury (DAI), primarily occurring as a consequence of acceleration/deceleration and rotation, is found in the subcortical lobar white matter, corpus callosum, the dorsolateral aspect of the upper brain stem, basal ganglia, thalamus and cerebellum [2] . DAI tends to be microscopic and thus not visible to its whole extent even on high-®eld MRI [2, 3] . Secondary damage such as hypoxia/ischemia, edema, increased intracranial pressure, and the delayed consequences (secondary axotomia, delayed neuronal damage) of the primary injury affect the patient's condition and outcome [1] . Even patients classi®ed as having mild head injury (MHI) according to acute radiographic ®ndings and with Glasgow Coma Scores (GCS) ranging from 13 to 15 can experience severe sequelae from a minor blow to the head, thus re¯ecting heterogeneity in the pathophysiology of CHI [3, 4] .
As can be predicted on the basis of the pathophysiology associated with CHI, attention de®cits are among the most commonly reported symptoms after minor as well as severe CHI. There is extensive literature dealing with this subject; yet the nature of these de®cits after CHI is not quite clear [5±7]. Attention is not a single phenomenon but includes arousal/vigilance and selective components as well as energetic aspects [6] . The neurobehavioral tests have limitations in detecting attention de®cits, and patients also show dif®culties in recognising or naming their problems [8] . An attention de®cit may explain, for example, the slowing of performance, becoming overwhelmed and irritated in noisy surroundings, the incapability of parallel processing, or a memory problem. Diffuse axonal injury and brain-stem injury may disrupt the reticular formation activation and in this way cause vigilance decrement [9] . Changes of vigilance may be subtle and impossible to detect in conventional neuropsychological testing but still affect in a robust way everyday life, in particular work life where attentional load often is well above that of the clinical testing situations.
The mismatch negativity (MMN), a late component of the event-related potential (ERP), is automatically elicited by occasional changes in an otherwise recurrent auditory stimulus sequence [10] . In a typical experimental paradigm, a deviant auditory stimulus, sporadically distributed within a sequence of standard auditory stimuli, elicits an MMN. As an involuntary brain response, elicited passively by any discriminable change in a repetitive sound or sound pattern, MMN might be suitable for studying alterations of vigilance [11] . The MMN has been measured in different neurological conditions, including lesions of the dorsolateral frontal cortex [12, 13] , closed head injuries [14, 15] and comatose human patients [16] . Although attention may augment the MMN amplitude [17] , it can be elicited even when attention is strongly focused elsewhere [18] . Before the MMN can be regarded as a clinical tool, however, its replicability has to be improved [19±21] . Pekkonen et al. [22] , using changes in frequency and duration as well as two ISIs, were the ®rst to investigate MMN variability and replicability. At the group level, the results showed a fairly good test±retest stability of the MMN amplitude for both kinds of changes and both ISIs in healthy, young, adults. At the individual level, however, only the duration-MMN amplitude showed signi®cant test-retest stability. Consistent with this, a subsequent study [23] demonstrated that the most replicable MMN amplitude is obtained in healthy adult subjects by using changes in duration rather than in frequency or intensity. A recent study showed that the MMN amplitude may signi®cantly drop during the session [24] , which may reduce the test±retest reliability. It is not known, however, whether this drop is more rapid in some clinical groups than in healthy controls. The present study will address this issue using CHI patients.
MATERIALS AND METHODS
ERPs were recorded in 24 chronic volunteer CHI patients (three females, age 21±43 years, mean 33 years, s.d. 7 years; Table 1 ). All patients had gone through a careful neurological examination in the clinical settings post-injury and were diagnosed as having moderate or severe closed head injury. At the time of the study, they were participating in neuropsychological rehabilitation. All patients were psycho-socially independent but none was working on the pre-injury level as a consequence of their neurobehavioral symptoms. In 15 patients, damage in the brain parenchyma was found in clinical examinations on CT or MRI, whereas nine of the patients showed no structural abnormalities on high-®eld MRI (1.5 T, one 1.0 T; Table 1 ). The present study was conducted 1±15 years (mean 4 years) post-injury. The length of unconsciousness (LOC) varied from momentary to 12 days, Glasgow Coma Score (GCS) on admission between 8 and 15, and the length of post-traumatic amnesia (PTA, evaluated retrospectively) between 1 day and 8 weeks ( Table 1) . Seventeen of the injuries were due to traf®c accidents, three due to high kinetic assaults (as with a baseball bat; patients 4, 18, and 21 in Table 1) , two due to a fall (patients 3 and 12 in Table 1 ), and one due to a blow from skidding tongs while training a horse (patient 10 in Table 1 ). Three of the normal MRI patients were in litigation at the time of the present study. All patients were healthy prior the injury and had no drug treatment. The neuropsychological symptoms were attention and memory de®cits, diminished ability to initiate and organize activities, fatigue, and altered behavioural and emotional regulation typical in head traumas. The control group included 18 healthy subjects (two females, age 20±43 years, mean 32 years, s.d. 8 years) with no history of CNS diseases or psychiatric problems, head traumas, or alcohol/drug abuse. All subjects were right-handed with normal hearing and normal or corrected-to-normal vision.
The auditory stimuli consisted of tones presented at 50 dB (HL) binaurally via headphones in a passive oddball paradigm. The standard stimulus ( p 0.8) was a harmonic 75 ms tone with a basic frequency of 500 Hz and harmonic partials of 1000 Hz and 1500 Hz, which was occasionally replaced by two kinds of deviant sounds, pitch deviants or duration deviants ( p 0.1 for each) in a sequence. The pitch deviant had a basic frequency of 550 Hz with two harmonic partials of 1100 and 1650 Hz (10% deviance), its duration being the same as that of the standard stimulus. The duration deviant, with the same harmonic partials as those of the standard stimulus, was 25 ms in duration (À66% deviance). The rise and fall times for all the stimuli were 5 ms each. Stimulus order in the sequences was randomized except that each deviant was preceded by at least two standards. Stimuli were arranged in six blocks with 900 stimuli in each. The stimulus onset asynchrony (SOA) was 400 ms. Stimulus blocks were presented in one session, in two 20 min sessions of three blocks with a break of about 5 min in between. Subjects were instructed to ignore auditory stimuli when watching the silent ®lms. The ®lms were edited to reach the required duration for the two halves of the experiment and to achieve as much explicity of the plot as possible. The subjects' attention to both ®lms was checked with a questionary consisting of 20 right/false statements.
The electroencephalogram (EEG, sampling rate 500 Hz, electrode on the tip of the nose as reference) was recorded (NeuroScan Inc., USA) via Ag/AgCl electrodes attached to the scalp. The electrodes were positioned according to the international 10-20 system at Fpz, F3, C3, P3, F4, C4, P4, left and right mastoids. Two additional electrodes were attached near the outer edge of the right and left eyes to monitor the horizontal eye movements. Fpz was used to monitor the vertical eye movements. To obtain ERPs, EEG epochs starting 80 ms before and ending 400 ms after each stimulus onset were off-line averaged separately for the standard stimuli and each type of deviant stimuli. The baseline level for the waveforms was de®ned as the mean voltage of the 80 ms period preceding stimulus onset. Epochs contaminated by extracerebral artefacts caused by ocular or muscle activity (amplitude changes . 100 ìV) in any channel were rejected from averaging as well as the epochs for the ®rst ten sounds of each sequence. Three control subjects were excluded because of too noisy data. All other subjects met the criterium of the minumum number of 100 accepted epochs for each deviant.
The MMN was de®ned as the maximal negative peak within the latency interval 100±250 ms of the difference waveforms obtained by subtracting the ERP to the standard stimulus from those to the deviant stimuli. The standard stimuli immediately following the deviants were excluded from analysis. The difference waves obtained were ®ltered off-line (band-pass ®lter, 0.5±12 Hz) and rereferenced to the average of the right and left mastoids. Analysis of variance (ANOVA) was applied to determine whether there were any signi®cant MMN peak amplitude or latency differences between the groups over the whole experiment and, additionally, between the separate experimental blocks.
RESULTS
The pitch and duration deviants elicited a prominent MMN in both groups (Fig. 1, Fig. 2 ). The patients were ®rst divided into two subgroups, those showing structural abnormalities on CT or MRI and those with negative ®ndings on MRI. A three-way mixed ANOVA (group -3 frontality 3 laterality) revealed no main group effect. Therefore, for further analysis, the patient groups with normal MRI and radiographic abnormalities on CT/MRI were pooled together as one patient group. The ANOVA indicated that the MMN amplitude for the duration deviant was signi®cantly larger at frontal electrodes F3 and F4 than at the central electrodes C3 and C4 both in the patients and controls (F(1,40) 27.27; p , 0.001). The main laterality effect was also signi®cant, due to larger MMN amplitudes for the duration deviant at the right hemisphere electrodes F4 and C4 than at the left hemisphere electrodes F3 and C3 in both groups (F(1,40) 5.95; p , 0.02). For the pitch deviant, the MMN amplitude was also signi®cantly larger at frontal than parietal electrodes (F(1,40) 39.69, p , 0.001), but no laterality effect was found.
As seen in Fig. 1 , there was no major difference in the MMN amplitude or latency for the pitch deviant between the control and patient groups although there was a slight tendency for longer MMN peak latencies in the patients. The mean MMN peak amplitude and latency for the pitch deviant in the controls was À2.9 ìV and 155 ms at F4, and À3.0 ìV and 173 ms, respectively in the patients. The MMN peak amplitude and latency for the duration deviant, too, did not differ signi®cantly between the groups although there was a clear tendency for the MMN amplitude to be larger in the patient group (Fig. 2) , with the mean MMN peak amplitude and latency being À3.4 ìV and 154 ms at F4 in the controls and À4.3 ìV and 160 ms, respectively in the patients.
A 5-way ANOVA with factors subject group (control, patient), deviant type (pitch, duration), half of the experiment (the ®rst half, the second half, with a break between), block number (1±6), and electrode (F3, C3, F4, C4) showed a signi®cant interaction between the subject group and the experimental block (F(2,80) 4.37, p , 0.02). For the pitch deviant, the interaction between group and block number was stronger when analysed separately (4-way ANOVA, F(2,80) 4.67, p , 0.01). A further analysis of the MMN amplitude for the pitch deviant revealed a block effect in the patient group (3-way ANOVA, F(2,46) 8.59, p , 0.0007, after the Greenhouse±Geisser correction p , 0.001), but not in the control group. The MMN amplitude for the pitch deviant progressively dropped in the patient group from the ®rst to the third block, partly recovered after the break, and fell again during the second half of experiment, i.e., from the 4th to the 6th block (Fig. 3) . In the control group, the MMN amplitude to the pitch deviant remained stable across the experimental blocks during the whole experiment. The peak amplitudes for the pitch deviant at NEUROREPORT the F4 electrode in blocks 1-6 were À3.2, À3.4, À3.3, À2.9, À3.2 and À3.2 ìV in the controls, and À3.8, À3.5, À2.8, À3.5, À3.2 and À2.9 ìV, respectively in the patients. A signi®cant interaction between the group and block was not found for the duration deviant but, nevertheless, there was a clear tendency for the amplitude drop during the session in the patients, not seen in the controls (the peak amplitudes at F4 for the duration deviant in blocks 1±6 were À3.1, À3.8, À4.4, À3.9, À3.5, and À3.5 ìV in the controls, and À5.0, À4.8, À4.3, À4.2, À4.2, and À4.4 ìV, respectively in the patients). No group effect or interaction between the group and block was found for the MMN latencies for either deviant.
DISCUSSION
Corroborating our previous ®ndings, the patients did not differ from controls when the MMN amplitude for the pitch and duration deviants was studied over the whole experiment [14, 15] . There was, however, a clear tendency for larger MMN peak amplitudes in patients than in controls for the pitch deviant, which was also found in our previous study [15] . A signi®cant drop in the MMN amplitude for the pitch deviant during the session (blocks 1±6) was found in the patient group, however, whereas in the control group the MMN amplitude remained stable. Consistent with this, there also was a very clear tendency toward the within session amplitude drop for the duration deviant in the patients but not in the controls. This ®nding probably re¯ects the fall of the patients' vigilance during the session. The patients were accurate in answering the 20 questions concerning each ®lm, however, suggesting that they had been able to stay attendant during the 1 h experiment. This phenomenon is known from the everyday problems CHI patients describe; they may be able to cope with dif®culties, and thus voluntarily attend to the task for limited time periods, for example, when performing neuropsychological tests, but yet suffer from remarkable vigilance problems and concomitant fatigue and attention lapses in everyday life.
CONCLUSION
The present MMN ®ndings support a more rapid vigilance decrement in chronic CHI patients than in controls. This is consistent with the clinical reality; among the most common complains after the CHI is the dif®culty to stay vigilant even during short sessions. Subtle vigilance changes are not necessarily seen from the overt behaviour or performance, with the patient being able to compensate for the problem for at least over a limited period of time. From the point of endurance in work and leisure, even a subtle vigilance problem may be crucial, however. The present ®nding also stresses a methodological issue to be considered when applying MMN in these kinds of patients. Experimental blocks should be analysed separately when studying these kinds of patient groups and, furthermore, instead of using long-duration blocks and sessions in order to reach more summations, shorter paradigms might yield more reliable data. 
